In preceding papers of this series, we have studied (1) For purposes of simplification, the correction factor due to nitrogen excreted from the body (3) is here disregarded.
In preceding papers of this series, we have studied (1) the relative effectiveness of mixing or distribution of tidal air into alveolar spaces in normal and abnormal subjects, and have proposed (2) Figure 1 summarizes the residual air/total capacity ratio found in these five groups. The increased ratio in the emphysema group was comparable to that reported in the literature by other methods (4, 5, 6) . The ratio in our cardiac cases, however, showed less of an increase above normal than has been reported by other methods (7, 8, 9, 10 relative increase found in the tuberculous and miscellaneous groups where there has been a shrinking of the vital capacity. A further analysis of the residual air in various types and degrees of cardiac insufficiency will be presented in a subsequent paper.
Relative constancy of the alveolar air sample taken at the start, before the beginning of pure oxygen breathing: elimination of this measurement from procedure In Figure 2 are charted all the values for alveolar nitrogen percentage taken at rest under basal conditions while the patient breathed atmospheric air, i.e., before the beginning of pure oxygen breathing. This is the "alveolar a" sample of our earlier papers. From the data illustrated in ON' ' air determinations, using 81.0 per cent as a constant value for alveolar a nitrogen, and have found this presumption to be correct. Only 5 per cent of cases showed an alteration of more than 50 cc. in functional residual air value as a result of this recalculation. In all of these the functional residual air was over 2500 cc.; thus the percentage error here was small. In only 2 cases was this alteration over 85 cc. (one a difference of 101 cc., the other 104 cc.). One of these latter cases was an extreme emphysema, the other a combined emphysema and cardiac case.
Thus it seems fair to conclude that the alveolar a sampling can be omitted from the open circuit technique. This shortens and simplifies the procedure. A detailed description of the revised open circuit technique is given at the end of the paper. The procedure of washing out the lungs by oxygen breathing, considered from the purely ventilatory standpoint, is almost ideal for the purpose of demonstrating the effectiveness of distribution of tidal air through alveolar spaces during quiet breathing, since it is only through the adequate distribution of inhaled pure oxygen into the pulmonary spaces that the nitrogen contained in them can be displaced and exhaled.
Thus the completeness of the washing-out of nitrogen from the lungs by a stated period of pure oxygen breathing (which we have termed the pulmonary emptying rate) can be considered an effective measure of distribution of tidal air through alveolar spaces. In an efficiently ventilated lung, therefore, an alveolar specimen taken at the end of a relatively short period of oxygen breathing should show a low nitrogen concentration; in an inefficiently ventilated lung, the nitrogen concentration of this specimen should be high.
This concept is corroborated by the analysis of the data covering " alveolar p " nitrogen measurements in 316 residual air determinations, as illustrated in Figure 4 .
If one takes as an upper limit an " alveolar p nitrogen of 2.5 per cent, one finds that 94 per cent of the determinations in normal subjects, and 100 per cent of those on cardiac patients, are well below the level; whereas above it are 17.7 per cent of tuberculous patients, 17 per cent of the miscellaneous group, and 97 per cent of the emphysema patients.
The difference in performance between the normal and the cardiac groups, on the one hand, and the groups with organic pulmonary disorders, on the other, is thus well defined, though perhaps not unexpected.
It will be apparent that pulmonary emptying, or effectiveness of ventilation, depends in great part upon certain obvious anatomical and physiological relationships. A subject, for example, with small functional residual air, whose tidal air is large and respiratory rate rapid, will, other things being equal, tend to empty his pulmonary spaces rapidly. The emptying that will be expected to occur in a given time with a known futnctional residual air, effective tidal air, and rate of respiration, and assuming perfect intrapulmonary mixing, can be easily calculated by the usual compound interest equation (the interest rate having here a negative value). In most emphysematous subjects, the large ratio of residual air to tidal air is an important factor in delayed emptying. In addition, however, there is the factor of unequal distribution of tidal air, certain large regions of the lungs being often very inadequately ventilated. This factor is more difficult to express quantitatively, but in advanced pulmonary fibrosis and emphysema is usually the dominant influence in producing delayed pulmonary emptying. A striking evidence of this tendency to inadequate ventilation is shown in Figure 4 , where practically all cases of pulmonary fibrosis and emphysema show a decreased rate of pulmonary emptying, including those subjects with relatively small residual airs as well as those with large. Arterial oxygen unsaturation, which was also studied in a number of cases ( Figure 5 ), was only partially correlated with pulmonary emptying, low saturation occurring at times with rapid emptying, and normal saturation with slow emptying. This is not unexpected, as there may be all degrees of vascular perfusion of poorly aerated regions of the lungs.
Of considerable interest to us was the consistent performance of the group of cardiac patients in their effective pulmonary emptying. None of these, it is true, had very large residual air values, but it seemed theoretically not unlikely that the "lungenstarre" of pulmonary congestion might interfere with effective aeration of some of the perfused pulmonary air spaces. Such was evidently not the case in any of the patients whom we studied, as far as this particular criterion of pulmonary emptying indicated. Objection might be raised that the low alveolar nitrogen values were due to poor sampling, since these patients often had small reserve air volumes. The fact, however, that alveolar carbon dioxide levels were comparable in these samples with arterial carbon dioxide tensions eliminates this objection. That hyperventilation, which was definite in most cases, may have played a part in the low alveolar p nitrogen percentages is entirely possible, but this does not alter the fact of effective pulmonary emptying in every case under the conditions of the test. x -W-capillaries, or edema, or thickened, less permeable alveolo-capillary walls-in other words, defective diffusion of gases through fluids, as distinct from defective distribution of gases through air spaces. At this point it should probably be emphasized that this particular test of "pulmonary emptying "-the alveolar nitrogen after 7 minutes of oxygen breathing-is in certain respects quite arbitrary. It tends, as a matter of fact, to demonstrate particularly defects in emptying under conditions found in pulmonary emphysema with relatively large residual air values. Under other conditions, a 3-minute or even a 1-minute period of oxygen breathing will more readily demonstrate slight degrees of defective intrapulmonary mixing. Also, under certain conditions, the small amount of nitrogen excreted from the body during oxygen breathing becomes a significant factor in the alveolar p value. An exhaustive analysis of this question has been undertaken by one of the present authors (R. C. D.) and will be reported separately. It is probably fair, however, to consider the pulmonary emptying rate, above described, as an approximate dinical index of effectiveness of ventilation. As an index of pathological intrapulmonary mixing, the pulmonary emptying rate has to be considered along with other factors-functional residual air, tidal air, and rate of respiration.
"Anatomical " versus " physiological " residual air volumes
Reference to Figure 4 shows that, in a considerable number of cases of advanced emphysema, the alveolar p nitrogen percentage is very high, up to 8 or 10 per cent or even higher. In other words, 7 minutes of oxygen breathing has not been able to remove more than 90 per cent of the alveolar air originally present in the lungs. The question naturally arises whether in such instances there may not be stagnant or very poorly ventilated lung spaces which remain high in nitrogen after oxygen breathing, but whose contents cannot be adequately exhaled into an " alveolar " air sample, the true mean alveolar nitrogen being actually higher than that obtained. The value obtained for residual air in these cases would therefore be erroneous. As pointed out in the third paper of this series (2), this excessive stagnation of intrapulmonary air can sometimes be proved by prolonging the time of pure oxygen breathing to 10 or 12 minutes, and a more accurate residual air determination can be obtained in this way.
The ultimate in pulmonary stagnation probably occurs in certain cases of large positive-pressure bulla formation. There is one such case in the present series, a man of 40 with an expanding bulla occupying two-thirds of the left thoracic cavity and displacing the mediastinum to the right. Residual air determination by the open circuit method revealed a very small functional residual air volume, and a rapid and complete pulmonary emptying with low alveolar p nitrogen. The interpretation of these findings is clear: the large bulla was inactive in pulmonary function; in fact completely isolated from the working pulmonary mechanism, except for the small increment of inspiratory air that must have been drawn into the bulla in order to maintain its positive pressure. This case, incidentally, is the only one in the emphysema group that showed a pulmonary emptying rate appreciably below 2.5 per cent (Figure 4) .
The distinction between physiologically ventilating, pathologically ventilating, and non-ventilating pulmonary air spaces, is an interesting one. In the last named of these, the separation between physiological and anatomical residual air volumes becomes practically complete.
The open circuit method of residual air measurement, when combined with the alveolar p nitrogen, or pulmonary emptying rate, thus provides more than a value for static or anatomical residual lung volume. It furnishes an index of mixing, or effective distribution, of tidal air through the alveolar spaces during quiet breathing. When these measurements are included with the values for the other divisions of lung volume and with those of total resting pulmonary ventilation and respiratory rate, the purely ventilatory aspect of pulmonary function at rest can be analyzed with a fair degree of completeness. We have discussed elsewhere (11) the dual classification of pulmonary function into ventilatory (air displacement) and respiratory (respiratory gas exchange).
Revised technique of open circuit method for residual air 2 The apparatus used8 has been described in the third paper of this series (2 of the inspiratory phase nearest the exact moment of termination of the 7-minute period, the valve is turned, shifting the subject from first to second circuit, and he is instructed to exhale completely, thus furnishing the alveolar p sample which is taken in the evacuated sampling tube. The subject may then be disconnected from the apparatus. The reason the valve is turned at peak of inspiration is to provide a larger volume of air for washing out the second circuit for the alveolar sample. The amount of nitrogen contained in this tidal air is negligible, so that its loss from the total expired air in the gasometer will cause no error. Finally, the main circuit is flushed with about 10 liters of oxygen into the gasometer, so as to wash any remaining nitrogen out of the inflow tubing. The second volume and temperature readings on the gasometer are recorded, and the outflow tubing is washed through promptly with the air from the gasometer. Two samples are taken from the gasometer for analysis.
The gasometer and main circuit are washed out with oxygen, as before; 15 to 30 minutes are allowed for the subject's lungs to return to conditions of room air breathing; and the determination is then repeated.
Gas analyses are all now carried out by the use of the Van Slyke-Neill apparatus. Certain minor alterations in the procedure as described by Peters 
